A versatile method for the high-yield synthesis of various tris-, bis-, and mono-annelated benzenes (as well as cyclooctatetraene) is based on the Pd-catalyzed coupling of three (or four) ethylenic units comprised of α,β-dibromoalkenes and α'-alkenyl Grignard reagents all carried out in a single pot. The particular application to tris(bicyclopentyl)-annelated benzene yields the syn isomer 1s in high purity; X-ray diffraction analysis confirms the aromatic bond alternation relevant to the Mills−Nixon effect. Most importantly, the efficient synthesis of 1s crystals of extraordinary quality allows us (for the first time) to make precise electron-density measurements of the "banana-type" distortion and the ellipticity (π-character) of the various aromatic C−C bonds sufficient to identify the electronic origin of the classical Mills−Nixon effect. The unique electron-donor properties of tris-annelated benzenes also relate to their highly reversible one-electron oxidation potentials even in nonpolar solvents.
Introduction
The annelation of benzene by small rings induces a significant bond alternation of the type originally proposed by Mills and Nixon to explain the enhanced positional selectivities in electrophilic aromatic substitutions. 1, 2 Recently, such a bond fixation has become a subject of considerable theoretical as well as experimental scrutiny; 3,4 particularly noteworthy is the use of benzenoid hydrocarbons which are tris-annelated by small bicyclic rings, 5 as represented in the generic structure I (GSI) below
In addition to the increased interest in such tris-annelated benzenes arising from the Mills−Nixon debate, 6 we recently noted that the structural modification of benzene with a bicycloalkane framework also leads to the remarkably effective stabilization of reactive intermediates associated with electrophilic aromatic substitution, such as the Wheland intermediates, 7 cation radicals, 8 etc. Moreover, the trigonal symmetry of these annelated aromatic hydrocarbons will also provide the nucleus for the synthesis of three-dimensional (highly carbon-rich) dendrimeric materials. 9 The notable lack of an efficient and versatile general method of the synthesis of tris-annelated benzenes has unfortunately hampered the exploration of the interesting chemistry of these novel hydrocarbons especially those in which the benzene ring is completely entombed within the bicycloalkane framework. 10 Heretofore, the cyclotrimerization of alkynes using a variety of transition metal catalysts has been extensively utilized for the synthesis of a variety of substituted benzene derivatives, 11 but its application to the trimerization of highly strained and transient "norbornyne" leads to unpredictable results. 12, 13 A similar cyclotrimerization of the putative "bicyclo[2.1.1]hexyne" and "bicyclo[2.2.2]octyne" affords only a 1 and 4% yield, respectively, of the corresponding tris-annelated benzene derivatives. 14, 15 Moreover, the cyclotrimerization of stable alkynes can only be practically applied to symmetrically annelated benzenes.
A new and general synthetic method for tris-annelated benzenes is clearly required especially one which is sufficiently versatile to allow the construction in high yields of unsymmetrically substituted benzene derivatives in which the annelations A, B, and C (vide supra) are different. Accordingly, we now report an efficient (one-pot) synthesis of various symmetrically and unsymmetrically annelated benzenes (as well as a novel cyclooctatetraene), the molecular structures of which are unambiguously established by X-ray crystallography, and the donor (redox) properties quantitatively assessed by cyclic voltammetry. Importantly, the ready availability of various tris-annelated benzenes allows the judicious selection of highquality single crystals for precise electron-density measurements relevant to the identification of the electronic origin of the Mills−Nixon effect.
Results and Discussion
The synthetic methodology for the tris-annelated benzenes (GSI, vide supra) is based on the direct conversion of a 1,2-dibromoalkene with 2 equiv of a vinylic Grignard reagent, as schematically represented in eq 1. In practice, the procedure is initiated by (a) the coupling of the (2:1) components with a palladium catalyst to afford the linear 1,3,5-triene (GSII), followed by (b) the spontaneous sigmatropic rearrangement in situ to the dihydrobenzene GSIII, which in turn (c) can be easily aromatized to GSI all carried out in one pot, as outlined in Scheme 1.
Scheme 1
Synthesis of Various Tris-, Bis-, and Mono-Annelated Benzenes via the Sequential Coupling of Three Ethylenic Units. To illustrate the versatility of the methodology depicted in Scheme 1, we considered the typical synthesis of a series of symmetrical and unsymmetrical tris-, bis-, and mono-annelated benzenes as follows.
I. Symmetrical Tris-Annelated Benzenes with the Rings A = B = C.
A solution of 2,3-dibromonorbornene in anhydrous tetrahydrofuran containing a catalytic amount of bis(triphenylphosphine)palladium(II) chloride [hereinafter referred to as the palladium catalyst] 16 was treated with a freshly prepared solution of the Grignard reagent from 2-bromonorbornene to afford a 1:3 mixture of syn and anti isomers of tris-norbornabenzene 1s and 1a, respectively, in excellent yields, i.e. 17 In a similar manner, 2,3-dibromobicyclooctene and the Grignard reagent from 2-bromobicyclo[2. 
II. Unsymmetrical Tris-Annelated
Benzenes with Ring A ≠ B = C. The catalytic coupling of a pair of dissimilar bicyclic frameworks is illustrated by the synthesis of the tris-annelated homologues 3 (with one ethano/two methano bridges) and 4 (with two ethano/one methano bridges) in excellent yields from the dibromobicycloalkenes and Grignard reagents listed in Table 1 (entries 3 and 4). The dimethano analogue 3 was formed as an equimolar mixture of analytically pure syn and anti isomers, which always cocrystallized as rather sharp-melting (eutectic) crystals. However, X-ray diffraction analysis revealed sufficiently severe disorder to preclude the structure determination (see Experimental Section). Importantly, the higher homologue 4 consists of a single isomer, and the molecular structure was established by X-ray crystallography ( Figure S1 , Supporting Information). It is noteworthy, however, that the loose packing of the tris-annelated benzene 4 in the crystal was coupled with the partial (1:4) disorder arising from the relatively similar size and shape of the ethano and methano bridges. The latter is undoubtedly related to the severe crystallographic disorder noted when two methano bridges are present, as in 3 (vide supra).
The same methano/ethano distinction was potentially inherent to the yellow fluoranthrene derivative 5 prepared in good yields as a 50:50 mixture of syn/anti isomers from the catalytic coupling of dibromoacenaphthylene with 2 equiv of norbornenyl Grignard reagent in Table 1 (entry 5). However, the simple crystallization of this equimolar mixture from dichloromethane/ethanol at −23 °C spontaneously resulted in a mixture of yellow prismatic crystals of pure 5s and pure 5a that were morphologically indistinguishable. The crystallographic purity was readily established by X-ray diffraction analysis, and the structure of the syn isomer 5s is illustrated in Figure 1 . We tentatively attribute such an unusual behavior of the fluoranthrene derivative 5 during the crystallization process to the presence of a rather large (planar) aromatic chromophore that induced a tighter crystal packing relative to that obtained with the tris-annelated benzenes 3 and 4 (vide supra). 
III. Bis-Annelated Benzenes with no Ring A.
The synthesis of bis-annelated benzenes utilized a 1,2-dibromoalkene to obviate ring A. For example, a tetrahydrofuran solution of the Grignard reagent derived from 2-bromobicyclooctene was added to a solution of 1,2-dibromoethylene (as a 60:40 mixture of cis and trans isomers) and Pd catalyst, and the mixture was refluxed for 12 h. An aqueous workup afforded a roughly 3:2 mixture of the bis-annelated benzene 6 (51%) together with the diene 8 (32%), i.e.
However, the coupling of pure cis-dibromoethylene with a Grignard solution of 2-bromobicyclooctene yielded only the bis-annelated benzene 6 in 76% yield. GC and GC-MS analysis of the crude mixture showed that no diene was present. When equimolar amounts of bromobicyclooctene and its Grignard reagent were treated with the palladium catalyst under identical conditions, the coupled diene 8 was formed in 93% yield. We thus deduced that some of the bicyclooctenyl Grignard reacted with trans-dibromoethylene to regenerate 2-bromobicyclooctene (by the loss of acetylene), which in turn reacted with the Grignard reagent to yield the diene 8 found in eq 3.
IV. Mono-Annelated Benzenes with no Rings B and C. The synthesis of mono-annelated benzenes could be based on alkenylmagnesium bromides to obviate rings B and C (see Scheme 1). For example, a solution of the Grignard reagent derived from 2-bromo-2-butene (as a cis/trans mixture) was treated with 2,3-dibromobicyclooctene, and an aqueous workup afforded a mixture of trienes (compare GSII in Scheme 1). The crude mixture was readily cyclized in refluxing xylene, and then aromatized with added chloranil, i.e.
The mono-annelated benzene 7 was contaminated with a small amount of the molecular complex of 7 with the unreacted chloranil, the structure of which was established by X-ray crystallography (see Figure 2 ). 19 Figure 2 The 1:1 electron donor−acceptor complex of chloranil (CA) with the mono-annelated benzene 7 showing the tilt (and lateral displacement) of CA induced by the presence of the bicyclohexyl annelation. 19 The slightly altered procedure required for the synthesis of the mono-annelated benzene 7 (described above) indicated that the steps involving the electrocyclic conversion of the linear triene to the dihydroaromatic intermediate as well as its subsequent dehydrogenation (i.e., GSII → GSIII → GSI in Scheme 1) were both substantially slower than those pertaining to the synthesis of the tris-and bis-annelated benzenes 1−6. As such, it appeared that step (b) as well as (c) was facilitated by the presence of bicyclic annelation at the terminal carbon sites. Nonetheless, the high yields of 7 that were ultimately obtained in Table 1 encourage the more general use of this catalytic procedure, especially for the synthesis of other mono-annelated benzenes.
Catalytic Synthesis of Annelated Cyclooctatetraene via the Sequential Coupling of Four
Ethylenic Units. Extension of the catalytic coupling procedure to the fully annelated cyclooctatetraene 10, as the "vinylogue" of the tris-annelated benzene 2, was readily performed by utilizing a dibromobutadiene unit. Thus diene 8 was converted to the bisannelated 1,4-dibromobutandiene 9 via a standard bromination/dehydrobromination. The subsequent catalytic coupling of 9 with 2 equiv of bicyclooctenylmagnesium bromide led to a readily separable (3:1) mixture of the tetrakis-annelated cyclooctatetraene 10 and the trisannelated benzene 2 in ∼90% overall yield. [By comparison, the recently reported synthesis of this novel and highly reducing cyclooctatetraene was achieved in only a very poor yield.] 20 The relative amounts of 2 and 10 doubtlessly arose via the stepwise coupling first to the trimeric intermediate and then to the tetrameric intermediate in Scheme 2. As such, competition was established by the rate of the sigmatropic cyclization of the trimeric intermediate (followed by rapid loss of HBr and aromatization) which was comparable to the rate of the second alkenylation to the tetrameric intermediate. We anticipate that the adjustment of the concentration of the catalyst and/or Grignard reagent as well as a systematic temperature variation will eventually lead to suitably higher selectivities.
Scheme 2
Electron-Density Elucidation of the Mills−Nixon Effects in Tris-Annelated Benzene. We searched extensively among the various annelated benzenes for that hydrocarbon yielding single crystals of sufficient quality to carry out precise X-ray diffraction measurements. Eventually, our best choice was a single crystal of the syn isomer of the tris-cycloC5-annelated 1s, the crystallographic quality of which was indicated by its ability at −155 °C to diffract the Mo−Kα radiation up to relatively high (2θ) angles. Since this hydrocarbon was the same as that measured earlier by Siegel and co-workers 21 at −75 °C, the two sets of only the relevant (aromatic) bond distances are listed in Figure 3 . 22 Indeed, both sets of crystallographic results show substantial aromatic bond alternations to exist between 1.422(1) Å for the annelated endo bonds (a) and 1.379(1) Å for the non-annelated exo bonds (b). Such a bond alternation is clearly associated with the decrease of the endo (ac) angle by 13 deg upon the bicyclic C5-annelation as qualitatively predicted by the Mills−Nixon effect when recast in contemporary terminology. 23 Figure 3 The aromatic bond alternation in the syn isomer 1s of the tris-annelated benzene with C3v local symmetry. The bond lengths in parentheses are taken from Siegel et al. 5b
I. Electronic Nature of the Bond Alternation in Annelated Benzenes. The electronic origin of the aromatic bond alternation in Figure 3 was probed by the precise measurement of the (valence) electron distribution in the syn isomer 1s that was allowed by the growth of an exceptionally high quality single crystal. 24 The multipole data refinement was performed with the XD program package 25 at the hexadecapole level for all carbon atoms and the dipole level for the hydrogens. 26 The cross-sectional cut of the three-dimensional grid of the deformation electron-density taken through the aromatic plane is presented in Figure 4 .
Two features of the electron-density contours (Figure 4) were immediately apparent relative to the location and magnitude of the critical point (CP, denoted by filled dots ·) representing the point of highest compression of the electron density between the pair of carbon centers. First, the critical point CPa for the endo bond lies more or less along the bond length (d, the straightline between carbon centers), whereas CPb lies off the exo bond length. 27 The latter results in a decreased bond length (d) and increased bond bulge (δ), which are quantitatively evaluated in Table 2 , columns 2 and 4, respectively. Such a shortening of d and bulging of δ in the exo bond corresponds to a "banana" bond distortion of the type previously described by Boese and others. 28 Second, the electron density (ρ) at the critical point of the exo bond is significantly larger than that of the endo bond (see Table 2 , column 5). Moreover, the Laplacian (i.e., second derivative) of the electron density at the critical point of the exo bond is also larger (more negative) than that of the endo bond, as given by the values of ∇ 2 ρ in Table  2 , column 6. 29 In chemical terms, the latter translates into a stronger com pression (i.e., localization) of the negative charge in the exo bond (relative to that of the endo bond) to facilitate electrophilic attack in accord with the expectations of the Mills−Nixon effect. 
II. Change in the π-Character of Aromatic Bonds upon Annelation.
The electron densities along the endo and exo bonds can also be considered in terms of their axial distribution at the critical point. Thus Figure 5 shows a cross-sectional cut of the electron-density contours above and below the aromatic plane along the mirror plane (−·−·) shown in Figure 4 . To quantify the difference in these electron-density distributions, we employ the ellipticity ε as the ratio of the orthogonal components (λx and λz) of the gradient, i.e., ε = λx/λz − 1, the critical-point values of which are tabulated in Table 2 , column 7. 30 By taking the ellipticity of a pure σ bond as εσ = 0 and the π-bond in benzene as επ ≃ 0.2, 28b we interpret the larger value of εexo in Table 2 as an indication of its greater π-character relative to that of εendo. 30b In other words, the aromatic exo bond has more π-character than that of the exo bond by about 10%. Figure 5 Cross-sectional cut of the electron-density map along the mirror plane in Figure 4 showing the ellipticity of the endo and exo bonds (above and below the aromatic plane) of 1s, with the gradients λx and λz as indicated.
III. Electronic Origin of the Mills−Nixon
Effect. The precise location of the critical points for the endo and exo bonds (a) and (b), respectively, provides a structural basis for the Mills−Nixon distortion based on the valence shell electron pair repulsion (VSEPR) theory. 31 Thus the separation between the critical point CPc of the annelating bond and the CPa of the endo bond (i.e., CPc − CPa) is significantly less (by 9%) than the corresponding separation from the critical point CPb of the exo bond (i.e., CPc − CPb). 32 As such, VSEPR theory would predict a roughly 13% transfer of the π-component of the endo bond to that of the exo bond in accord with the Mills−Nixon formulation. 33
Annelated Benzenes as Electron Donors. The intrinsic electron-donor properties of aromatic hydrocarbons were conveniently evaluated as their reversible oxidation potentials by cyclic voltammetry. Accordingly, the various annelated benzenes in Table 1 were oxidized electrochemically at a platinum electrode as 5 mM solutions in dichloromethane containing 0.2 M tetra-n-butylammonium hexafluorophosphate (TBA + PF6 -) as the supporting electrolyte. The typical cyclic voltammograms (CV) in Figure S2 (see Supporting Information) showed that the tris-annelated benzene 1s was reversibly oxidized at a scan rate as slow as 25 mV s -1 , with a theoretical anodic/cathodic peak current ratio ia/ic = 1.0 at 25 °C. The potential calibration of the CV peaks with a ferrocene internal standard provided the reversible oxidation potential for the (1ε) production of the aromatic cation radical, i.e.
The highly reversible anodic oxidation of the tris-annelated benzene 1 strongly contrasts with the irreversible oxidation of the acyclic analogue hexamethylbenzene (11), the cyclic voltammogram of which is highly irreversible at a scan rate as high as 10 V s -1 even in a more polar solvent such as acetonitrile. 35 The latter is due to the enhanced reactivity of the cation radical (11 •+ ), largely owing to the facile loss of an α-proton. 36 Thus the reversible CV behavior of the tris-annelated benzenes 1−4 in Table 3 can be attributed to the generation of cationradicals 1 •+ −4 •+ that are not prone to proton loss owing to their location more or less in the aromatic (nodal) phase. 37 It is particularly interesting to note that the electron-donor properties of all the tris-annelated benzenes were singularly constant within ±30 mV (irrespective of the ring size of the annelation) and essentially the same as those of the non-annelated hexamethylbenzene and the mono-annelated tetramethylbenzene 7. The results in Table 3 thus confirm the notion that the intrinsic electron-donor properties of benzenoid hydrocarbons are largely determined by the number of carbon-centered substituents and not on their size or (α) branching. 38 We hope that the efficient synthesis of various annelated benzenes will allow their (one-electron) conversion to cation radicals (compare eq 5) and lead to the isolation of crystalline paramagnetic salts for further X-ray diffraction scrutiny of the Mills−Nixon effect. 
Summary and Conclusions
The Pd-catalyzed coupling to afford the linear triene (GSII in Scheme 1), followed by its spontaneous cyclization and ready dehydrogenation, represents the novel strategy for the efficient (one-pot) synthesis of different tris, bis, and mono-annelated benzenes (and cyclooctatetraene). Indeed, the excellent yields and purities of the tris-annelated benzenes that are obtained by this procedure is exploited for the preparation of single crystals of very high quality for precise X-ray diffraction analysis. As applied to the bicyclopentyl-annelated benzene 1s, the electron-density distributions in the various aromatic C−C bonds can be used to directly identify the interesting electronic origin of the Mills−Nixon effect. 39 The ready synthesis of the various aromatic hydrocarbons (1−7 in Table 1 ) also provides the basis for the unique electrondonor properties of tris-annelated benzenes, as indicated by their highly reversible oxidation potentials that can be measured by cyclic voltammetry even at slow scan rates and in nonpolar solvents.
Experimental Section
Materials. 41 were synthesized via the literature procedures. 2-Bromobutene and 1,2-dibromoethylene were commercially available (Aldrich) and further purified by distillation. Bis(triphenylphosphine)palladium(II) dichloride (Aldrich) was stored under an argon atmosphere. Tetrahydrofuran (Mallinckrodt analytical reagent) was refluxed over lithium aluminum hydride for 12 h, distilled under an argon atmosphere, and stored in a Schlenk flask equipped with a Teflon valve fitted with Viton O-rings. The 1 H and 13 C NMR spectra were obtained on a General Electric QE−300 FT NMR spectrometer. The electrochemical procedures for the determination of oxidation potentials have been described previously. 42 General Procedure for the Catalytic Synthesis of the Annelated Benzenes. A 200-mL flask equipped with a Schlenk adaptor, reflux condenser, and a dropping funnel was charged with purified magnesium turnings 43 (1.06 g, 44 mmol) and anhydrous tetrahydrofuran (10 mL) under an argon atmosphere. A small crystal of iodine was added and the mixture refluxed. A solution of 2-bromonorbornene (3.81 g, 22 mmol) in tetrahydrofuran (40 mL) was added dropwise via a dropping funnel at a rate to maintain gentle reflux. After the addition was complete, the reaction mixture was refluxed for 2 h and cooled to room temperature. The Grignard solution as obtained above was transferred via a cannula to a Schlenk flask containing a solution of 2,3-dibromonorbornene (2.52 g, 10 mmol) and a catalytic amount of bis(triphenylphosphine)palladium(II) dichloride (70 mg) in anhydrous tetrahydrofuran (25 mL), under a flow of argon. The resulting pale yellow reaction mixture was refluxed for 8−12 h and cooled to room temperature. It was then poured into a mixture of saturated aqueous ammonium chloride (40 mL) and dichloromethane (100 mL), and the organic layer was separated. The aqueous layer was further extracted with dichloromethane (3 × 25 mL). The combined organic extracts were washed with water and dried over anhydrous magnesium sulfate. Evaporation of the solvent yielded a pale yellow residue which upon GC and GC-MS analysis (using an internal standard method) indicated the presence of 3:1 mixture of anti and syn isomers of tris-norbornabenzenes (>70%) together with small quantities of unaromatized products. The crude residue was redissolved in dichloromethane (50 mL) and treated with bromine (480 mg, 3 mmol). The orange mixture was stirred for 5 min and quenched with 5% aqueous sodium thiosulfate solution (25 mL). The organic layer was washed with water and dried over anhydrous magnesium sulfate. Removal of solvent and flash chromatography on silica gel with hexane as an eluant yielded a 3:1 mixture of anti and syn isomers (1a and 1s) in an excellent yield (2.6 g, 94%).
Separation of Anti/Syn Isomers. Typically a purified mixture of anti/syn isomers of 1 (1.5 g) was loaded on a column which was made up of silica gel (ICN silica 32−63, 60 Å) overlayered with 30 g of Celite (Celite 545, Baker). With pentane as the eluant, the fractions (approximately 10 mL each) were collected and serially analyzed by GC. The pure anti isomer (1a) eluted first, followed by the syn isomer 1s (contaminated with ∼5% of anti isomer), but further recrystallization from ethanol afforded both isomers in pure form. 2,3,4,5,6,7,8,9,10,11,12 X-ray Crystallography of the Annelated Benzenes. The intensity data were collected with the aid of a Siemens SMART diffractometer equipped with a CCD detector using Mo−Kα radiation (λ = 0.71073 Å), at −150 °C unless otherwise specified. The structures were solved by direct methods 44 and refined by full matrix least-squares procedure with IBM Pentium and SGI O2 computers. The X-ray crystallography of the single crystals of 1s, 3, 4, 5s, and [7, chloranil] are described in detail in the Supporting Information. [Note that the X-ray structure details of various compounds mentioned here are on deposit and can be obtained from Cambridge Crystallographic Data Center, U.K.]
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Determination of Electron-Density Distributions by High Angle Diffraction of Annelated
Benzene 1s and Multipole Refinement. The high angle diffraction data were accumulated for 6 days at −155 °C on a very high quality single crystal. Ten sets of 606 frames each were collected using the ω-scan mode (scan range 0.3°) at different orientations of the crystal in φ with the detector positioned at 2θ = 31, 62, and 93° (exposition times of 40, 80, and 160 s/frame, respectively) to ensure the multiple (complete) coverage of the entire reciprocal sphere up to 2θ ≈ 124°. Integration and the Lorentz and polarization corrections were performed (using SAINT) and 69 664 reflections were collected with R(int) = 0.0340. No significant time decay was detected. After application of the SADABS procedure (in the standard mode but without Savitsky-Golay smoothing) on all the reflections, values of R(int) decreased up to 0.0235, and 20 108 symmetrically independent reflections were merged, 19 802 of which with θmax = 62° were put into the refinement, and 14 736 reflections had I ≥ 2σ(I). For further details see Supporting Information.
